Introduction
============

A decreased number of air cells in the mastoid is common in chronic otitis media (COM). There are two theories. The environmental theory suggests that frequent inflammatory changes in the upper respiratory tract, Eustachian tube, and middle ear cavity hamper the development of the air cells of the mastoid or calcify the existing air cells. The hereditary theory suggests that congenitally poor air cells in the mastoid do not provide a good air buffer for the middle ear cavity, leading to the development of COM \[[@B1][@B2]\].

It is not unusual that the space in the external auditory canal (EAC) is smaller in COM patients than in patients who have only sensorineural hearing loss, tinnitus, dizziness, or trauma. This difference may be explained by the mastoid air cell theories; however, there is not enough evidence to confirm this, and there are also insufficient objective data to analyze the bony EAC.

High-resolution computed tomography (HRCT) is an effective tool to examine anatomical relationships between the temporal bones of the middle and inner ear, and has been used to study the pneumatization of the mastoid air cell system. With appropriate CT images, the three-dimensional (3D) structure of the ear can be analyzed. In this study, we used HRCT to compare the volumes of the bony EAC in patients with unilateral COM and assessed the reasons for any difference.

Subjects and Methods
====================

This study included 99 patients who were treated for unilateral COM and had HRCT in our hospital between 2010 and 2015. There were 53 men and 46 women, ranging in age from 15 to 85 years (average, 46.3 years). We excluded patients with cholesteatoma, congenital anomalies, head trauma, or a history of meningitis. We classified the ears as being on the healthy side (EAC_N) or the diseased side (EAC_D).

Axial HRCT images were taken parallel to Reid\'s base line at 1.24 mm using a Light Speed VCT (GE Medical Systems, Milwaukee, WI, USA); coronal images were taken vertical to this line in the same space. All images were analyzed by two radiologists, who were not informed about the aims of this study, and their data were averaged.

We defined the following factors:

1\) The length of the axial ear drum: the shortest length crossing the umbo between the anterior and posterior bony annuli ([Fig. 1A](#F1){ref-type="fig"}, axial image).

2\) The length of the coronal ear drum: the shortest length passing the handle of the malleus between the superior and inferior bony annuli ([Fig. 1B](#F1){ref-type="fig"}, coronal image).

3\) The axial and coronal isthmus of the bony EAC: the shortest length from the anterior to the posterior bony EAC wall in axial images and from the superior to the inferior bony EAC wall in coronal images ([Fig. 2](#F2){ref-type="fig"}).

4\) The volumes of the EAC and the internal acoustic meatus (IAC): the two volumes were calculated automatically using the bundled software (GE Medical Systems), by outlining the bony margin of the two spaces (performed by the radiologist; [Fig. 3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}).

Statistical analysis
--------------------

To compare the data, we used SPSS for Windows software (ver. 20.0; IBM, Armonk, NY, USA). We deemed *p*\<0.05 to indicate statistical significance. The Kolmogorov-Smirnov test was used to test whether our data were normally distributed. In cases of normally distributed data, we used the paired t-test; if the date were not normal, we used the Wilcoxon signed-rank test. To analyze the correlation of the volume of the bony EAC with the others, we used a multiple linear regression model.

Results
=======

Regarding COM, there were 55 right-side cases and 54 leftside cases. There were no significant differences in laterality or gender. In the EAC_D group, the pure tone average (PTA) was 19.17 dB for bone conduction and 42.83 dB for air conduction. In the EAC_N group, PTA was 15.75 dB for both air and bone conduction. There was no significant difference in bone conduction PTA between the two groups. PTA was calculated for averages of 500, 1,000, 2,000, and 3,000 Hz ([Table 1](#T1){ref-type="table"}). When we measured the length of the ear drum, the axial lengths were 8.38 mm (SEM=0.40) (EAC_D) and 8.56 mm (SEM=0.40) (EAC_N), and the coronal lengths were 8.34 mm (SEM=0.48) (EAC_D) and 8.55 mm (SEM=0.44) (EAC_N). Both lengths were longer on the normal side but only axial length differed significantly (*p*=0.021) ([Fig. 5](#F5){ref-type="fig"}). The axial lengths of the isthmus were 5.46 mm (SEM=0.82) (EAC_D) and 5.58 mm (SEM=0.83) (EAC_N), and the coronal lengths of the isthmus were 5.45 mm (SEM=0.75) (EAC_D) and 5.56 mm (SEM=0.73) (EAC_N) ([Fig. 6](#F6){ref-type="fig"}); the differences were not significant. The volumes of the EAC were 0.46 cm^3^ (SEM=0.07) (EAC_D) and 0.56 (SEM = 0.09) cm^3^ (EAC_N). There was a significant difference between the two volumes (*p*=0.000) ([Fig. 7](#F7){ref-type="fig"}). The volumes of the IAC were 0.18 cm3 (SEM = 0.03) (EAC_D) and 0.17 cm^3^ (SEM=0.03) (EAC_N) ([Fig. 8](#F8){ref-type="fig"}). There was no significant difference between the two volumes.

We used a multiple linear regression model to assess the relationship between the volume of the EAC and the others. There was no relationship on the healthy side, but there was a significant relationship between the volume of the EAC and the coronal length of the isthmus in the EAC_D group. After backward selection, the axial length of the ear drum was also significantly related to the volume of the EAC_D. With a decrease of 1 mm in the axial length of the eardrum, the volume of the EAC_D decreased by 0.93 mm^3^ (95% CI= 0.87-1.00 mm3, *p*=0.047). Also, with a decrease of 1 mm in the coronal length of the isthmus, the volume of the EAC_D decreased by 0.92 mm^3^ (95% CI=0.86-0.99 mm^3^, *p*=0.032) ([Table 2](#T2){ref-type="table"}).

Discussion
==========

The number of mastoid air cells is often relatively low in patients with COM. There have been many reports about the relationship between the pneumatization of mastoid air cells and inflammation in the middle ear: the greater the increase in COM, the greater the decrease in pneumatization \[[@B3]\]. There are two explanations for this phenomenon: the environmental theory and the hereditary theory. According to the hereditary theory, congenitally small mastoid air cells result in more frequent otitis media. Shatz and Sadé \[[@B1]\] presented evidence such as a consistent length from the cortical mastoid bone to the sigmoid sinus. However, Tos and Stangerup \[[@B2]\] insisted on the environmental theory, according to which chronic recurrent otitis media causes chronic subperiosteal inflammation, thereby interfering with the development of mastoid air cells \[[@B3][@B4][@B5]\].

Although the EAC is composed almost entirely of cartilaginous parts in neonates, the bony EAC grows rapidly and laterally throughout childhood. The total length of the EAC is about 25 mm; the bony EAC accounts for about two-thirds of this length, i.e., almost 15 mm \[[@B6][@B7]\].

In this study, we compared intrapersonal differences in both bony EACs in adults, to minimize variables affecting the outcome. Normal EAC (EAC_N) denotes a normal eardrum without conductive hearing loss, whereas diseased EAC (EAC_D) denotes a perforated eardrum with conductive hearing loss. We excluded congenital ear anomalies to set aside genetic effects. We also excluded cholesteatoma and head trauma cases because cholesteatoma can cause deformity of the EAC.

The axial length of the eardrum was significantly shorter in the EAC_D group, but not the coronal length ([Fig. 5](#F5){ref-type="fig"}). The length of the isthmus did not differ between the two groups. Our data suggest that anteroposterior growth of the eardrum is more important than superoinferior growth after birth. We expected that isthmic length would also be shorter in the EAC_D group than in the EAC_N, group, but this was not the case. Koo, et al. \[[@B8]\] reported an axial isthmic length of 5.5 ±1.6 mm and a coronal isthmic length of 7.2±1.0 mm. Their results differ from ours, probably because there is no accepted point at which to measure isthmic length. We suggest that measuring isthmic length on two-dimensional (2D) images is not suitable as an objective parameter to reflect the state of the EAC.

Previous studies reported analyses of anatomical variations in temporal bone using CT images: sigmoid sinus, facial nerve and mastoid pneumatization \[[@B9]\]. As technology has progressed, many CT vendors have supplied software for simulating 3D structures from 2D images. 3D images are more consistent for analyzing structures. In the comparison of both EAC volumes of unilateral COM patients in our study, the differences were significantly greater versus the normal side ([Fig. 7](#F7){ref-type="fig"}). This could indicate that COM hampers growth of the bony EAC or that a congenitally small EAC causes COM. To assess these possibilities, we compared the IAC volumes. If the difference arises from congenital causes, the IAC might also show the same difference. However, there was no difference between the IAC volumes ([Fig. 8](#F8){ref-type="fig"}). We excluded patients who had a history of meningitis, because this can cause narrowing of the IAC. Based on these findings, we suggest that environmental factors are more influential than hereditary ones. Also, the bony EAC develops mostly after birth. There are two mechanisms by which the bony EAC may narrow: impeded temporal bone growth; and promotion of new bone formation (thereby narrowing the lumen of the bony EAC).

Measuring the volume of the bony EAC is not trivial. Thus, we also analyzed the relationship between bony EAC volume and the other factors. Two factors correlated with the volume: the axial length of the eardrum and coronal isthmic length ([Table 2](#T2){ref-type="table"}). As mentioned above, the axial eardrum length was more consistent. Thus, we recommend using this parameter to reflect the general developmental state of the temporal bone. We also wanted to analyze the relationship between the duration of otitis media and stenosis of the bony EAC, to assess whether longer exposure to otitis media was associated with more narrowing of the bony EAC. However, this is not easy because recollection regarding disease onset is inaccurate in many patients. Therefore, to determine this relationship, we may have to plan a prospective study to observe children with otitis media over a long period.

In conclusion, the growth of bony EAC can be affected by COM as mastoid pneumatization. If so, we need to actively treat children\'s otitis media to prevent these sequelae. We also have to consider this when operating on patients with COM.
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![Axial (A) and coronal (B) images show the length (white line) of the tympanic membrane. The axial length was measured by a line between the two bony annuli crossing the umbo. The coronal length was measured by a line (white line) between the bony annuli passing the handle of the malleus.](jao-20-41-g001){#F1}

![Axial (A) and coronal (B) images show the length (white line) of the isthmus, the narrowest portion of the external auditory canal.](jao-20-41-g002){#F2}

![Axial image shows the area of the external auditory canal (EAC) bony portion. The white line shows the contour of the bony EAC, drawn manually. The right picture illustrates reconstruction of the virtual bony EAC, and the volume of the bony EAC was calculated automatically.](jao-20-41-g003){#F3}

![The contour of the internal acoustic meatus (IAC) was drawn manually, and the volume of the IAC was calculated in the same way.](jao-20-41-g004){#F4}

![Axial and coronal lengths of the tympanic membrane.TM: tympanic membrane.](jao-20-41-g005){#F5}

![Axial and coronal lengths of the isthmus.](jao-20-41-g006){#F6}

![Volume of the bony external auditory canal.](jao-20-41-g007){#F7}

![Volume of the internal auditory canal.](jao-20-41-g008){#F8}

###### Demographic characteristics of the patients
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###### Multiple linear regression model for prediction of external auditory canal volume (mm^3^)
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^\*^significant relationship. TM: tympanic membrane, RC: regression coefficient, CI: confidence interval
